Abstract. A quantum mechanical picture is presented to describe the behavior of confined spinons in a variety of S = 1/2 chains. The confinement is due to dimerization and frustration and it manifests itself as a nonlinear potential V (x) ∝ |x| b , centered at chain ends (b ≤ 1) or produced by modulation kinks (b > 1). The calculation extends to weak or zero frustration some previous ideas valid for spinons in strongly frustrated spin chains. The local magnetization patterns of the confined spinons are calculated. A (minimum) enhancement of the local moments of about 11/3 over a single S = 1/2 is found. Estimates for excitation energies and binding lengths are obtained.
Introduction
Dimerized and frustrated spin chains have attracted considerable interest in recent years. This is due to the recent emergence of a variety of experimental quasi-onedimensional systems containing localized electrons that can be described by spin chains. Among these systems there is a sizable number which are gapful due to dimerization in their low temperature phase, such as [6] . The first two dimerize as a consequence of the coupling to the lattice degrees of freedom, whereas the other compounds are intrinsically dimerized, i.e. the dimerization does not depend on temperature. The effect of doping on these substances represents an interesting issue, in particular since it pertains also to defects such as missing spins, broken chains and chains of finite length.
As a general rule, defects in low-dimensional antiferromagnetic spin systems which can be described by a RVBtype ground state [7] involve S = 1/2 states in their vicinity [8] . The appearance of a certain impurity spin at the edges of spin chains can also be discussed in the framework of a nonlinear σ model for general spin S [9]. We restrict ourselves to S = 1/2, weakly dimerized spin chains. The basic idea there is that without the defect each spin has a partner with which a singlet is formed. If the defect removes one of the partners, the other becomes a free S = 1/2 spin which we will henceforth call spinon to distinguish it from the other singlet forming spins. a e-mail: gu@thp.uni-koeln. de We understand that this spinon comprises also some dressing of the bare S = 1/2 spin, i.e. it is not localized at just one site. Since the singlet pairing is not static in the RVBpicture the spinon is able to move some distance away from the defect. In a critical, gapless system it will be delocalized. This delocalization, however, disappears as soon as the couplings are modulated.
It is the purpose of this work to elucidate in which way an explicit dimerization acts as a confining potential for the spinon motion leading to its localization. The generic Hamiltonian reads
where δ parametrizes the dimerization and α the relative frustration by next-nearest neighbor coupling. Previous works, e.g. [10-13], viewed dimerization already as confining potential. We understand that there is no confinement without dimerization (δ = 0). Here we will develop a quantum mechanical picture that treats the cases of small and large frustration on equal footing. Although this picture is not exact in all details, nevertheless it is able to reproduce the main features of the problem on a semi-quantitative level. The physical quantities considered here are binding energies and local magnetizations. In addition, it will be shown that the confinement depends on the degree of frustration and it will be sublinear in the region of low frustration.
For the sake of concreteness, the case of a chain end is illustrated in Figure 1 . Dimerization localizes spin singlets mostly at the strong bonds. If in a dimerized chain one spin is missing its singlet partner is freed. If the missing spin had a weak bond to the left (assuming without loss of generality horizontal chains) and a strong bond to the right, the free spin situation corresponds to the one in Figure 1a . The configuration in Figure 1b is then the reflected configuration found on the left of the missing spin. If the missing spin had a strong bond to the left and a weak bond to the right, the free spin situation is found to the left of the missing spin. The configuration in Figure 1a is then a reflected image whereas the configuration in Figure 1b is found to the right of the missing spin. Figure 1c illustrates the situation after two hops of the free spin away from its origin in (a). The crucial point is that the singlets to the left of the spin in Figure 1c are no longer at the strong bonds. This implies an energy loss which can be viewed as an attractive potential which ties the free spin to its origin. Besides chain ends also solitonic modulations, such as kink defects, will be considered in this paper. They can also be viewed as spinon traps with confining potentials.
The article is organized in the following way. In the next section, the short-range RVB spinon states that determine the main part of the correlations will be introduced. Subsequently, the forms of the kinetic and the potential energies which govern the spinon dynamics will be discussed, i.e. the Schrödinger equation of the problem will be setup. In the fourth and the fifth sections the quantitative results will be discussed and compared against computational calculations for chain ends and for kinkmodulated chains, respectively. A summary will conclude the article.
States: Norm and magnetization
Let us denote by |i an up-spinon at site 2i + 1; the other spins are all paired to nearest-neigbor singlets. In this convention, the state in Figure 1a is denoted by |0 and the state in Figure 1c is denoted by |2 . These states are not orthogonal but their overlap [7, 14, 15] is given by
This overlap arises from a Néel type sequence of up-spins and down-spins between the two spinons. Let us consider a state
for which we aim to obtain a continuum description. This means that we assume that for the low energy behavior it is sufficient to treat a i as a slowly varying function of i. Note that we introduced the factor (−1) i to focus on the energetically low-lying states. This can be seen most easily for α = 1/2 [14] [15] [16] . In order to define a normalized wave function ψ(x) let us calculate the norm of |v 
